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ABSTRACT 

THE RELATIVE LOUDNESS OF PURE AND COMPLEX TONES 

OBJECT 

To investigate the relative loudne.« of pure and complex tones and 
to describe a method of harmonic analysis of complex tones. 

RESULTS AND CONCLUSIONS 

Utilising  the method of adjustment,   subjerts  equated the  loudness 
of a  variable  intensity pure tone  (sine wave) with a  reference 
standard complex tone (square wave).    A loudness match was ob- 
tained at  100.   150,   200.   300.   400.   700,   1000.    2.000.   and 4,000 
cps.    A harmonic  analysis of complex wave form was obtained by 
photographing  the  cathode  ray tube  of a panoramic sonic analyser 
and measuring  the   relative  intensities of the  fundamental  and har- 
monics  of the  complex wave form  on the  print. 

The  absolute  intensity  of the  pure tone was  considerably greater 
at the  lower  frequencies  when matched for  equal  loudness with the 
complex tone.     At   100 cps  the difference between the pure  and 
complex tone,   relative to the  loudness  of the pure tone,   could be 
obtained by converting the  harmonic  components of the complex- 
tone to  units  of equal loudness  or   sones.   and performing  a  aimule 
summation. r 

RECOMMENDATIONS 

Considerable power   savings  may be  realised  if complex tones 
are   used  m preference  to pure  tones  in auditory displays  where 
low  frequency  signals are  encountered.    An investigation of the 
feasibility of utilising other  complex tones  in auditory d^plavs  is 
desirable. 
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THE RELATIVE LOUDNESS OF PURE AND COMPLEX TONES 

I.      INTRODUCriON 

A statement common in psychological literature is that complex 
tones sound louder than pure tones of equal frequency and absolute 
iitensity.    Experiments with acoustically complex tones have shown 
that if its components are  sufficiently «eoarated from one another 
along the frequency scale,  the total loudres« is equal to the sum of the 
loudnesses of the individual components preesnted separately (1,  2,   3, 
4,5).    If the frequency components of the complex tones are not widely 
separated,  however,   making and interference effects occur and the 
total loudncas is usually somewhat less than the sum of the individual 
oudnesses.  by a quantity which usually must be determined empirically. 

because of this di/iiculty,  experiments dealing with the relative loudness 
of complex toner generally use tones in which t      harmonic components 
are of similar strength and widely separated L. tue frequency spectrum 
(1).    Little consideration is given to complex tone,   of the type normally 
encountered,  tones in which the frequency components are of unequal 
strength and which are close enough to overlap on the cochlea.    In 
this experiment,   the reUtive loudness of such a complex tone,   a square 
wave,   is determined by comparing it with a pure tone at the   same 
frequency. 

U.     EXPERIMENTAL 

A.     Apparatus 

1. Krohn-hite pushbutton oscillator:  an audio oscillator 
capable of generating sine and square waves from . 01 to 99, 999. 9 cps. 

2. Permoflux PDR-8 earphone«: matched and calibrated. 

3. General Radio decade attenuator. 

4. Kellogg coadenser microphü^, preamplifier, and cathode 
follower: factory calibrated for use with a 6-cc coupler for determining 
absolute sound pressures from earphones. 

5. Panoramic Sonic Analyzer,  PR-1.  and signal alternator: 
a device which sweeps the audio spectrum from 40 to 20, 000 cps, 
permittinr; almost immediate graphic analysis of any complex wave form 
on the face of a cathode ray tube. 



6. Sound treated -oom:   approximately  10 x  12 x 8 feet, 
acougtically and electrically shielded. 

7. Ballentine AC voltmeter: 

The bulk of this equipment «rag used in the calibration of the 
earphone. The technique i« described in Section C - Method, and the 
apparatus line-up is shown in Figure  1. 

SINE    WAVE     CALIBRATION    OF   EARPHONE 

VOLT- 

••ETE» 

1 
OSCILLATON 

(••Mt WAVE) M 
•e« COUPLES 
V MICROmOMC 

E k*PHOttr 

AMPLIFICK • 
CATHODE 
FOLLOVES 

VOLTHETES 

SOUARC   WAVE     CALIBRATION     OF    EARPHONE 

SWEEP 

6ENESATON 
  

SIGNAL 

ALTEN- 
NATON OSCILLATO* 

(SOUASE WAVE! 
  

6«« COUPLES 

-rCDcOlS^ ^   L—-J      »^   jrOLLOWES 

VOLT- 

SETBN 

CAMERA 

PAHOSAMW 
SONIC 

ANALmS (D 
VOLT- 

MCTEH 

TEST     SESSION 

OSCILLATOS 

(SINE WAVE) 

ATTENU- 

ATOR 
  

SIGNAL 

ALTER- 

NATOR 

-r-S 
OSCILLATOR 

(SOUASE «MVE 
ATTENU- 

ATOR   
V 

VOLT- 

METES 

n> 
Fig.   1.    Block diagrams of apparatus. 

mt 



B. Subject! 

Sixteen subject»,   selected from the staff of the Laboratory 
were used.    Audiograms had been obtained on the subjects and all had 
normal hearing. 

C. Method 

1.      Calibration - Exact calibration of all apparatus used for 
both sine waves and square waves was essential to facilitate comparison 
between the two wave forms.    A Kellogg condenser microphone with 
assodat-d cathode follower was used to calibrate the Permoflux PDR-8 
earphones.    A constant voltage audio frequency input fed into the earphone 
was compared with the voltage output of the microphone when the ear- 
phone and microphone were mounted in a 6 cc coupler.    Input voltages of 
• 1.  .2,  . 3,  and .4 volt» were used.    The earphone characteristics re- 
mained substantially the same at all voltages^ All voltages   £th ear- 
phone input and microphone output voltages were measured with a 
Ballentlne AC voltmeter.    Calibration at .4 volts for the Permoflux 
PDR.8 earphones used in this experiment is given in Table 1. 

TABLE 1 

CALIBMTIOII OF POUCTLUX PDR-t EMIPHOHES 
0.4 Volt  Impmt 

Fr«qn«»cy Micropfcw  gtgt T»lt«y 

200 cp." *'\    *  11-2 
300 cp••• 2« * lO"2 

«S cp." 1:11; S-j 

21 ^ 2:« «"1 
1000 cp." 2:71K I?"2 

2000 cp." I:]9 I JJ-2 
3000 cp« 3 37 M 10'2 
Ä cpm" l'-7* « "l |M« CP« 1.77 « lO'2 

|W0 cf* 2.2    « 10*2 
l%Zcpm      ,    . i'* * ioi 8000 cp« i«sa   tham 1.0    x  10-2 

9000 cp« I«««   tha« 1.0    z  10'2 

10000  cp« l«a«   tkaa 1.0    «  10-' 

•K»llooq cead««««r  «icrophoM  -  2 .• x  10\3 TOIU cerr*apewlc   to a aommi 
pr«s«ur*  I«*«l of  80 db.   rwlativt  to 2 x 10"4 dr^—Sc**' 

"Tb«««  fr«q«««ci«« *«r« u«*d   ia  tk«  t««t •••«iea. 

For square wave calibration the same apparatus: audio oscil- 
lator,   earphone.  6-cc coupler,  and microphone,  was used; but the out- 
put of the microphone was fed into the Panoramic Sonic Analyser (PSA) 
This analyser had previously been carefully calibrated by using known  * 



audio frequency inputs with exact measured voltages.    The audio oscil- 
lator was set to produce a square wave of a given fundamertal freqi ency. 
In addition,  the internal sweep circuit of the PSA produced an audio 
frequency of from 40 to 20, 000 cps.    Both the square wave and the audio 
frequency sweep were fed into an alternating switch,  which presented 
alternately each signal to the PSA.    By adjusting the gain of the audio 
frequency sweep,  it was possible to get a graphic representation of the 
characteristic curve of each earphone.    The harmonic components of 
the square wave were superimposed on this characteristic curve and a 
photograph was made of each frequency.    All input and output voltages 
were measured with a Ballentine AC voltmeter.    Figure 1 chows a block 
diagram of the circuitry used.    Figures 2 through 1' are photographs 
of the face of the cathode ray indicator of the PSA, 

400  600      IK 
FREQUENCY 

Fig.  2.    Square wave,   100 cps earphone input .705 V. 
Microphone output . 0265 V. 
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By measuring the traces inthe photographs,   the actual strengths 
of the fundamental anti harmonic components of the t ,uare waves could 
be determined.    Table 2 gives the magnitude of fundamentals and har- 
monics of the  square waves in   U cibeU.    It will be noticed that lewer 
harmonics appear at higher frequencies due to the fall off in the high 
frequency response of the PDR-8 earphone. 

TABLE  2 

WGNIIUDE OF FUWDAMCMTALS AND HARMONICS  OF SQUMg  1AVES   IN DECIBELS' 

HarBiop tci 
Frgqu»dcy FundaBentai 3 5 7 9 Tl 13 1$" 

100  CP''* W 84 7^ 75 72        70 68 S6 

•  • •relativ,   to  .0002  dyn«., en2 

Th«.e   fr«qu«nci.«  weie  u««d   in   the   tmnt   SM.iru . 

2.      Experiment 

The experimental procedur» was relatively simple.    A sine 
wave and square wave in the same fundamental frequency were fed into 
the signal alternator.    A subject,  wearing a pair of PDR-8 earphones, 
heard each signal alternately at 1-second intervals.    The square wave 
wa& fed into the earphones at a constant voltage of . 3 volts.    The sine 
wave signal could be varied by means of an amplifier gain control, 
from 0 volts to 10 volts.    The subject's task was to adjust the intensity 
of the sine wave until the sine wave signal and the square wave signal 
appeared to be of equal loudness.   Subjects were asked to equate tones 
only for loudness and not for relative annoyance or other extraneous 
characteristics.    Two upward and two downward matches were made 
for each frequency used in the experiment.    Voltages,  recorded on a 
Ball«ntine AC voltmeter,  were monitored for both the sine wave signal 
and the square wave signal.    Ea. h experimental session took about 45 
minutes.    The frequencies used in this experiment were 100,   150,  200, 
300. 400.   700.   1.000,  2.000.  and 4. 000 cps.    A random order of pre-' 
B mutation was used. 
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200 cpm" 94 84 77          73         70       64         G7         --                                                     , 

300 CP«" «3 83 7G         68         69       70         65 

400CP••* * 83 74          74         71       £6         65          -- 
600 ^ 9« 83 81          71          70       65 

800 CP« M 75 75          73         64          
1000 cp." 94 86 74         68            

2000 cp." 92 el   

3000 cp. 95 S4   

40 00 cp«** 93 

mm^~ 



III.    RESULTS AND Ü15CUSSION 

Several curvet were drawn baked on the difference between the 
mean of the pure tone voltage and the mean of the complex tone  voltage 
at each frequency uaed in the experimental ieition.     The power  ratio 
curve   on   Figure   12   ihowg   the   ratio   of   pure   tone   to   complex   tone 
electrical power neceatary to produce toneg of equal relative loudnett. 
^e ÜÜL*ElliSiLf —  curv* on ^e same figure  restates the information 
given in the power ratio curve in terms of decibels difference between 
the two tones (5). 

Since the earphones did not produce the same acoustic output for 
a given electrical inpu* at all frequencies,   a correction procedure, 
based on the earphone calibration characteristics given m Table  1,   and 
the measurements made on Figures 2 through 11,   was used to translate 
the voltage difference figures into sound pressure differences.    The 
procedure consisted of determining the relative efficiency of the ear- 
phone at each frequency by determining the ratio of electrical input 
to acousiic output using the data from Table  I,   and using this efficiency 
factor to derive a sound pressure for the voltages obtained at that 
frequency in the test session.    The acoustic db curve in Figure  12, 
showing the difference in sound pressure between pure and complex 
tones of equated loudness,  was derived by this method.    The relation- 
ship of these curves to the electrical energy input is given in Table 3. 

TABLE  3 

COMPARISON OF PURE TONES (SINE WAVE) AND COWPLEX  TONES (SQUARE WAVE) 
MATCHED  FOR EQUAL LOUDNESS 

Frequency 

Sq.   wave 
▼oltaoe 

(R.M.S.) 

2.04  ▼. 

Voltage 
ratio* 

Power 
ratio 

Decibel«   dif 
(«ine-tquare 

Electrical 

16.6 

ferencc 
•av«) 
Acou«tic 

100  cp« 6.8 46.5 16.2 

150 cpe 1.22 T. 4.08 16.7 12.05 12.6 

200 cp« .78 T. 2.6 6.8 8.3 9.8 

300 cps .465 ▼. 1.55 2.4 3.8 5.8 

400 cp« .46 v. 1.53 2.35 3.7 5.4 

700 cp« .38  T. 1.27 1.62 2.1 3.6 

1000 cp« .36  ». 1.2 1.44 1.6 3.2 

2000 cp« .34  T. 1.13 1.28 1.06 3.2 

4000 cp« .293  *. .98 .96 -.2 .6 

'Referred   to a constant   square  eatre roltage  of   .3  T, 
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All three curve« point to the concluüon that,   at low frequencies 
complex tone, .our.d considerably louder than pure tone, of the .ame 
.ound Pre..ure level,  and that the relative loudne.. function c hange, 
.mcothly with change, in fundamental frequency of the tone.      The 
great di.parity between the two tone, at the lower frequ.ncie. i. due 

^L .i the hUm*n "' U m*rk««"y »••• ••n.ltive to pur. tone, 
around 100 cycle, than to pure tone, higher in the frequency .pectrum. 

It .hould be noted that at the higher frequencle..  where the number 
0 over-tone, ü .maller,   the difference become, negligible.    Figure 
1 indite, that at 4   000 Cp. there i. almo.t no energy in the harmonic, 

ouentlv    Ke.rT ^«iP—t u.ed in tki. experiment.    Con.e- 
quently,  both the pure tone and complex tonee «hould .ound equally loud 

Zr^LZV^ "^    ^ making the "-^"-on.   .object, often re-  ' 
rTffe.     ^H      7 Tl    ^ tel1 the tWO t0ne• apftrt in the "PP" '-quency range..    The .light di.crepancie. between the curve, for acou.tic db 
and electric db can be traced to the pre.ence of re.onant point, in the 
charac erx.txc curve of the earphone..    In general, both curve, agreed 
quite clo.ely    with the earphones appearing to be more efficient in 
tran.uti^ electrical energy into acou.tic power in the middle frequency 

In an effort to te.t the hypothe.i. that the loudne.. of a complex 

tto^.Car>,beKPrediCted by ■Uminin« th« loudne.«. of all the component 
tone.,  the harmonic con.tituent. of the .quare wave form.,   .hown in 

.ho^       71^ TZ^ ^ Unit' 0£ reUtive loud^".  or .one.,   a. 

.hown in Table 4.    Thi. conver.ion wa. made by the u.e of an equal 
loudne•• contour chart given in Steven, and Davi. (3). 

TABLE 4 

UXDKSS IH SOCS OF SI« WAVES Um SqüAWE MVES 

Sin« Wmnm Sgyarm lava'« Diff»-••«?'* 
r>qwacy             DB SOB« DB SOM« "BF" ""S^.. 

100 cp«           108 91 91.« 100 II 2           -«. 
150 cp.           105.8 82 93  2 --• 12 B             !• 
?2S CPB           J2?'S 7« 94 98                   9.8          -20 
2™ Cp"           fSf « 66 «S-2 W S •          -24 
7^2 ^           lVA " 95-8 «                   5 4          -32 

i««5 Cpt            It* 57 95-8 ••*                   3.6          --• IMO cp.             99 55 95.8 71 3 2          -16 
5Ä2 Cp*            !S-4 44 M-2 « 3 2           -1 4000 cp.             93.2 30 92.6 30                       6          0.00 

r 

* photographic data not  orailobl« 
''Sum of   fnndaMntal. and  karaosic. 

Sin.  maw  min*» rnqmarm mawm  vaiu*. 
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The ioudnessen of the harmonics of the complex tone were •ummed 
(Table 4).   but for two of the tones,   150 cpg and 700 cps.   photographic 
data were not avauable.    Consequently,  these tones were not included 
in the analysis.    The loudness m «ones for both the pure tone and the 
complex tone,   for each frequency,   was plotted as shown in Figure 13. 
The difference between the curves is shown in Figure 14.    The greatest 
difference between these curves of 32 sones occurs at approximately 
400 rps. 

Since the sone scale is a linear scale of loudness,  and the tones 
used have loudnesses of about 100 sones,  the maximum error using the 
harmonic summation method in computing the relative loudness of the 
tones used in this experiment is about 31%. 

lOOr — 

20 

10 — 

1 
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J 1 I    I   I I  Li 
200 

1 J I 
4,000 300   400900      700     1,000 2,000 

FREQUENCY   (GPSJ 

Fig.   13.    Calculated loudness in sones of sine and square wave tones. 
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Fig.   14.    Difference in sones between sine and square wave tones of 
equal loudness. 

A possible explanation for the fact that the curve for the pure tone 
on the sone scale lies somewhat below that of the complex tone in Figure 
13 may be due to the .-nethod of using the pure tone as the variable 
stimulus and not the ccmplex tone.    It appears to be the general rule 
that subjects overestinute an intense variable relative to an intense 
standard and underestimate a weak variable relative to a weak standard. 
Consistent with this general rule,  the subject tends to undershoot when 
he adjusts the stimulus to be equal to an intense standard,   and he tends 
to overshoot when the standard is weak.    For example,  m the extreme 
case,  when the standard borders on the painful,  the subject does not 
err in the direction of setting the variable too high.    The optimum in- 
tensity for minimization of this type of bias appears to be about 70 db 
(4).    In this experiment the ma.irity of the tones used were over 90 db. 

Two alternative explanations can be hypothesized.    One is that the 
sone scale is not entirely adequate for use with the summation technique. 
Steven« indicates that a good deal of research must be carried out on 
this type of subjective loudness scale before really high levels of 
reliability and accuracy can be obtained.    The other explanation is the 
possible presence of masking and interference phenomena which may 
tend to make the complex tones,  especially those in the middle frequency 
ranges,   seem less loud than the individual loudnesses of their harmonic 
components would indicate.    The failure of simple additivity may be 

19 
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due to the fact that the neural activities, set up by the several componenti 
on the cochlea overlapped. 

Stevens give« an empirical formula for determining the loudneas of 
a continuoui noiae (4).     Thi« rule «ays that for all level« above about 
50 db the loudne«*  L changes by a factor of 2 when the overall sound 
presture level,  N,   change« by 10 db.    The formula i«  Log L= 0. 03N - S 
where S i« the «pectrum parameter.    From the data in the pre«ent study, 
we have not «ucceeded in working out a method of evaluating S from the 
«quare wave harmonic analysis that produce« significantly better results 
than «impiy adding «one«. 

IV.   RECOMMENDATIONS 

An inve«tigation into the relative loudne«« characteriatic« of other 
wave form« is suggested.    PuJ«e« of known repetition rate and pulae 
width,  clipped sine wtves,   and artificaiiy constructed wave form« of 
known harmonic component should be investigated.    From an analysis 
of these wave forms i' should be possible to compute an empirical 
formula which gives the relative loudness of any wave form of known 
harmonic construction.    The techniques presented in this experiment 
permit an adequate analysis of harmonic strength. 

The practical use of relative loudne«« information i« immediately 
apparent.    It should be possible to design auditory  displays which sound 
as loud as pure tone displays but require significantly Ins« power. 
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